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Aim Despite predictions of high extinction risk from climate change, range expansions have been documented more frequently than range retractions, prompting suggestions that species can endure climatic changes by persisting in cool or damp microclimates. We test whether such ‘microrefugia’ exist.
Location United Kingdom
Methods We examine fine-scale changes in plant communities of a coastal grassland over a 30 year period in which spring temperatures increased by 1.4ºC. We examine whether changes in community composition and local colonisations and extinctions are related to microclimatic conditions.
Results Our findings suggest that, while community reassembly was consistent with warming, changes were smaller on cooler, north-facing slopes. Closer inspection of patterns of species turnover revealed that species with low temperature requirements were able to persist on cooler slopes, while those with high moisture requirements suffered similar decreases in occupancy across all microclimates. 




Much biogeographic research is underpinned by the desire to predict how species distributions are altered by climate change (e.g. Pearson & Dawson, 2002; Hampe, 2004; Araújo et al., 2005; Chen et al., 2011; Maclean & Wilson, 2011). A widely-used approach for making such predictions is climate envelope modelling, in which the future range of a species is inferred from the climatic characteristics of localities in which it is currently known to occur (e.g. Berry et al., 2002). However, a core assumption of this approach: that species will disappear from climatically unsuitable areas, is at odds with the phenomenon that range expansions have been documented more frequently than range retractions (Thomas et al., 2006; Sunday et al., 2012). Paradoxically, however, retractions are often inherently assumed. These models have predicted that many species are likely to have reduced future range sizes and thus will face higher extinction risk under climate change (e.g. Thomas et al., 2004), and the single most repeated suggestion for adapting conservation strategies to climate change is to facilitate movement towards climatically suitable areas (Heller & Zavaleta, 2009). However, to determine how effective these measures are likely to be for promoting species persistence under climate change, we require better understanding of the mechanisms governing range retractions.

A likely explanation for why range-retractions have been documented less often than range expansions is the possibility that, instead of becoming entirely extirpated from a region, some proportion  of trailing-edge populations survive (Hampe & Jump, 2011). This could either be short-term survival whereby populations are committed to extinctions, but demographic and meta-population processes mean that population responses lag behind climatic trends (Kuussaari et al., 2009; Dullinger et al. 2012). Alternatively, further delays in macro-scale range retractions may be caused by the continued survival of relic populations in suitable microclimate that are generated by fine-scale habitat and topographic structure, often termed microrefugia (Rull, 2009; Hampe & Jump, 2011; Ashcroft et al., 2012). Even if range retractions are occurring in pace with climate change, they may be localised and not evident at coarser scales: many populations would need to go extinct before a coarse-scale grid cell is deemed unoccupied (Thomas et al., 2006). 

There is little consensus with regards to which and for how long, trailing-edge populations can survive. A fundamental reason for this is that the spatial scales at which shifts are measured and modelled are typically several orders of magnitude larger than the scales at which individuals actually experience and respond to climate (Potter et al., 2013). While recent understanding of the topographic controls of local variation in climate and the development of fine-scale climate models has helped to quantify and locate potential microrefugia (Dobrowski, 2011; Ashcroft et al., 2012), empirical evidence for their existence in the context of recent climate change, and understanding of the mechanisms that could allow species to exploit suitable microclimate is limited. Both Randin et al. (2009) and Scherrer & Körner (2011) examine climate change-induced habitat losses in alpine plants and show that micro-scale models predict far greater persistence of suitable habitats in comparison to European-scale models. In direct contrast, Trivedi et al. (2009), working on high-altitude plants in Scotland, show that local-scale models predict the regional extinction of 70-80% of studied species, whereas European-scale models predict such loss for only one species. Both studies, however, make use of single snapshots of species distributions to test their models. In essence, the extent to which these individual responses to microclimate can be captured in aggregate by associations between population presence and macroclimate (Bennie et al., 2014) will depend on two factors. Firstly, on variation in the availability of cool microclimates across a landscape. If the availability of cool microclimate is greater at the trailing edge of species’ ranges then fine-scale models will typically reveal that species are less threatened than would be revealed by coarse-scale models. This pattern that can be readily captured by single-snapshot species distribution models and differences in the availability of cool microclimate in different landscapes readily explains the discrepancy between the findings of previous studies. However, the relative rate at which populations vacate their current microhabitats and colonise new ones as ambient conditions change is also important. For example, if trailing-edge populations vacate microclimates at the same rate as leading-edge populations occupy microclimates, the effects of fine-scale heterogeneity in microclimate will “average out” and the species’ distribution will shift in line with coarse-scale temperature averages. Conversely, if leading-edge microclimates are occupied more quickly than those at the trailing edge are vacated, populations at the trailing range margin may continue to persist in spite of rising temperatures, “buffering” the species against the negative effects of climate change. However, the importance of these fine-scale temporal dynamics have been difficult to quantify, because this requires species distribution data to be collected at both a sufficiently fine scale to map the distribution of individuals among microclimates, and at a sufficiently long time interval to encompass an appreciable level of global warming.





Study site and species
The study was conducted on grasslands on the Lizard Peninsula (50º 2’N, 5º 10’W), a Special Area for Conservation (92/43/EEC) covering c. 3,250 ha on the most southern tip of the United Kingdom (UK) mainland. Relative to elsewhere in the UK, the climate in this area is comparatively mild, especially in winter. Over the period of our study (1979-2011), mean annual and spring temperatures have increased by approximately 1.4 ºC (Fig. 1a).  Our study focused on plant species associated with unimproved Cynosurus cristatus-Plantago lanceolata grassland, most of which is subject to livestock grazing. Three characteristics of our study system make it particularly well suited to studying the mechanisms governing climate-driven range shifts. Firstly, vegetation changes in most UK grasslands are strongly associated with nitrogen deposition (Stevens et al., 2004) but, probably due to the location of our site and prevailing wind direction, there was no evidence of an increase in species associated with higher levels of nitrogen (see also Powney et al., 2014). Secondly, while there have been localised changes in land-use, the entire study area has been under active grazing management, which has changed little over the duration of our study. Thirdly, these grasslands host a large gradient of species that differ in terms of their temperature and moisture requirements (Hill et al., 2004). Some, such as Long-headed Clover (Trifolium incarnatum susp. molinerii) and Twin-headed Clover (T. boccenei) have a predominantly Mediterranean Atlantic distribution and reach the northern extremity of their range on the Lizard Peninsula. Others, such as Spring Sandwort (Minuartia verna), have Boreal distributions and our study site constitutes the southern extremity of their range (Preston & Hill, 1997; Hopkins, 2006). There is also substantial variation in the moisture requirements of the species associated with this type of grassland (Ellenberg et al., 1991; Hill et al., 2004) and, in contrast to many systems, this correlates only very weakly with temperature. Consequently, the roles of temperature and moisture requirements in determining microclimate use can be distinguished from one another.  

Survey methods
We sampled community species composition in different microclimates (microhabitats with different slope and aspect) over two periods: 1979-1980 and 2011. Between mid-April and the end of June in 1979 and 1980, all higher plant species in 55 two metre x two metre relevés were recorded (Fig. 1b). A semi-subjective sampling strategy was adopted with the aim of ensuring that several fairly widely spaced plots were placed at all localities in which vegetation was typical of that associated with the habitat type. This step was necessary both because this community type often occurs within small-scale mosaics and because the original survey was not carried-out with the intention of sampling randomly. At each plot location, six figure (accurate to nearest 100m) grid references were recorded using 1:10.000 scale Ordnance Survey maps. The cover abundance of all taxa occurring within the sample plots was estimated visually and recorded using the ten point Domin scale described by Currall (1987). In addition, slope (measured using an Abney level), aspect (measured by compass and expressed as one of 16 points), sward height (from the soil surface to the mean maximum height of vegetation, ignoring individual extremes) and vegetation cover (everything except bare ground) were recorded. Further details of the survey protocols are given in Hopkins (1983). 

In 2011 the survey was repeated by revisiting each of the study locations surveyed in 1979-80. However, sample plots were not georeferenced to high precision in 1979-80; consequently, a repeat survey of exactly the same plots as were surveyed in 1979-80 was not possible. The approximate locality (i.e. within 100m) of each relevé was thus revisited and a sample plot in Cynosurus cristatus-Plantago lanceolata grassland with similar geology, soil, sward height, vegetation cover, slope and aspect was selected for resurvey. While the uncertainty in historic plot locations may have inflated our estimates of species turnover, previous work has shown that estimates of changes in species composition are generally robust to location uncertainty (Kopecký & Macek, 2015). At nine localities, land use had changed considerably over the thirty year period and it was not possible to find a sample plot with appropriate characteristics. These plots were removed from subsequent analyses (Fig. 1b). Measurements were as previous and IMDM (who carried out surveys in 2011) consulted with JJH (who carried out the surveys in 1979-80) prior to embarking on data collection. The only way in which the methods differed, was that plots in 2011 plot locations were georeferenced to high precision (sub 10 m) using a Global Positioning System (GPS). The dataset is thus 46 pairs of 2 x 2 m relevés located within 100m of each other but not in identical locations. 

Microclimate
To provide a proxy of the microclimate, we calculated the proportion of potential direct irradiance intercepted by the surface in each relevé for a given solar zenith and azimuth (hereafter referred to as insolation) as follows:
 
Ri = cos S cos Z + sin β sin Z cos(Ω​s - Ω) 

where Ri is the proportion of potential direct irradiance intercepted by the slope, S is the angle of the slope, Z is the solar zenith, Ωs is the solar azimuth and Ω is the slope aspect. The solar zenith and azimuth are functions of latitude, Julian day and were derived using methods detailed in Hofierka (2002) and Bennie et al. (2008). We used the mean value for every hourly period between 1st of May and 30th of June as our measure, as this period corresponds to the growing season. As the slopes and aspects were near-identical in each paired set of relevés, and geographic location independent of slope and aspect has little bearing on insolation at scales of a few hundred metres, our calculation of insolation is largely unaffected by location uncertainty. For subsequent analyses, we logit transformed insolation scores to ensure a continuous range of values. 

While interactions between topography and the prevalent wind direction and cold-air drainage can have important strong effects on mesoclimatic variation (Ashcroft et al., 2009; Bennie et al., 2010), topographically-driven variation in insolation is the dominant influence on near-surface temperatures and soil moisture content (Bennie et al., 2008; Scherrer & Koerner, 2010; Maclean et al., 2012) and thus serves as the most useful proxy for characterising microclimatic variation across our study area in the absence of fine-scale climate data. Using the approach described above, insolation scores are low for north-facing slopes with aspects in the range 0-100º and >290º and high for slopes with south-facing aspects in the range of 120-270º. The relationship between aspect and insolation depends on slope angle, but scores are typically higher on west-facing than east-facing slopes (Fig S.1).

Community reassembly












Where C is proportion cover and D is the Domin score.

Linear-regressions, using each pair of relevés as a separate data point, were then used to examine whether the two measures of community dissimilarity were related to insolation. 

Community characteristics





Where CTI is the community temperature index, CMI is the community moisture index, TIi and EMVi are the species temperature and Ellenberg moisture index values for each species i present in the relevés, Pi is the proportional cover of that species and S is the number of species. 

To examine whether changes in the community temperature and moisture indices between the two study periods were related to insolation we used a linear mixed model with community index values for each relevé modelled as a separate data point. Relevé was modelled as a random intercept and period and insolation and an interaction between these were treated as fixed effects. Analysis was performed using the nlme package (Pinheiro et al., 2004) for R (R Development Core Team, 2014). 

Colonisations and extinctions





The mean proportional dissimilarity in the community composition of relevés between the two study periods, as measured by Sørensen’s index (1- Ds), which is only influenced by species presence, was 0.48 (mean ± 1 s.e. range: 0.46-0.50, N = 46). Dissimilarity using this measure was also positively associated with insolation (ΔAIC from null model = -7.49, N = 46; Fig. 2a). The mean proportional dissimilarity in the community composition of relevés between the two study periods, as indicated by Morisita-Horn Index, which is influenced by composition and abundance, was also 0.48 (mean ± 1 s.e. range: 0.44-0.53, N = 46). Dissimilarity measured using the Morisita-Horn Index was also positively associated with insolation (ΔAIC from null model = -10.71, N = 46; Fig. 2b).

Community characteristics
Between the two study periods, there was an increase in the community temperature index of sampled relevés (ΔAIC from model with just random effect of relevé = -55.4, N = 92). The most parsimonious model explaining the community temperature index was one in which period, insolation and an interaction between period and insolation were included (ΔAIC from model with just the random effect of relevé = -100.7, N = 92). This model suggested that the community temperature index was higher in areas with higher insolation and was also higher in 2011 than in 1979-80. In 2011, the relationship between the community temperature index and insolation was stronger than in 1979-80 (Fig. 3a). All other models were implausible (ΔAIC>6; Table 1).

Between the two study periods, there was a decrease in the community moisture index of sampled relevés (ΔAIC from model with just random effect of relevé = 35.8, N = 92). The most parsimonious model explaining the community moisture index was one in which period and insolation were included (ΔAIC from model with just the random effect of relevé = 87.5, N = 92), although a model that included these terms and an interaction between period and insolation was also plausible (ΔAIC = 2.3). The best model suggested that the community moisture index was lower in areas with higher insolation and was also lower in 2011 than in 1979-80 (Fig. 3b). The results of the model dredge and coefficient estimate obtained by model averaging of plausible models (ΔAIC<6) are shown in Table 2.

Colonisations and extinctions
We recorded a total of 183 species. Of these, 114 were present in at least one relevé in both periods, 32 in 1979-80 but not in 2011 and 37 in 2011 but not in 1979-80 (see Appendix S2 in Supporting Information). There were no significant differences in the temperature or moisture indices among species present in both periods or in only one period or the other. 

The most parsimonious model explaining colonisation to relevés was the one in which the species temperature and Ellenberg moisture indices, insolation and an interaction between the species temperature index and insolation were included as explanatory terms (ΔAIC from model with just the random effect of species = 112.5, N = 1,354). There were a relatively large number of plausible models and fairly wide confidence intervals associated with coefficient estimates derived from model averaging (Table 3). Nonetheless, there is strong support that colonisations were more likely by species with a high temperature index and into areas with higher insolation, and that the increased colonisation likelihood of species with high temperature requirements relative to those with low temperature requirements was more pronounced in areas with low insolation. There is fairly strong evidence that colonisations were less likely by species with high moisture requirements, although the 95% confidence intervals of the coefficient estimate for this term overlap with zero (Table 3). Models in which sward height, species richness and vegetation cover were additionally included as explanatory terms, suggested that colonisations were more likely to relevés with high species richness, higher vegetation cover and longer sward. The inclusion of sward height, species richness and vegetation cover into models had very little consequence for the effects of insolation and species temperature and Ellenberg moisture indices (Table S1). 

The most parsimonious model explaining extinction from relevés was one in which the species temperature and Ellenberg moisture indices, insolation and an interaction between the species temperature and insolation were included as explanatory terms (ΔAIC from model with just the random effect of species = -27.4, N = 6,696). Again, there were a relatively large number of plausible models and fairly wide confidence intervals associated with coefficient estimates derived from model averaging (Table 4). Nonetheless, there was strong support that extinctions were more likely by species with low temperature indices and from areas with lower insolation, but the latter effect is overridden by the pattern that those species with low temperature indices were far less likely than species with high temperature indices to go extinct from areas with low insolation, as its directional effect is reversed when the interaction is not included. There is fairly strong evidence that extinctions were more likely by species with high moisture requirements, although the 95% confidence intervals of the coefficient estimate for this term overlap with zero (Table 4). Models in which sward height, species richness and vegetation cover were additionally included as explanatory terms, suggested that extinctions were more likely from relevés with shorter sward. The inclusion of sward height, species richness and vegetation cover into models had very little consequence for the effects of insolation and species temperature and Ellenberg moisture indices (Table S1). 
Discussion
Two complementary analyses suggest that local community reassembly is at least partly driven by climate change. Firstly, the increase in community temperature indices and decrease in community moisture indices suggest that plant communities are now more dominated by species whose ranges are associated with higher temperatures and lower moisture levels. While the observed changes in the community temperature indices were lower than the magnitude of temperature warming, plant community responses to climate change typically lag behind climate change, particularly in lowland ecosystems (Bertrand et al., 2011). Secondly, colonisations and extinctions by individual species were related to their macro-climatic requirements. Those with a high species temperature and low Ellenberg moisture indices were more likely to have colonised new relevés than those with low temperature and high moisture requirements. Similarly, species with low temperature and high Ellenberg moisture indices, were more likely to go extinct from relevés. Thus, the community composition has shifted towards species with higher temperature and lower moisture requirements. 

Although community composition has shifted towards species with lower moisture requirements, and there is some evidence that species with high moisture requirements are more likely to have gone locally extinct, our analysis of the climatic characteristics of plant communities suggests that the overall change in moisture requirements of species assemblages is fairly uniform across the landscape. It is thus possible that, although the distribution of at least some species may become increasingly limited by water availability, the presence of damp microclimates would not help to buffer this effect. One might therefore expect the distributions of water-limited species to shift in line with coarse-scale changes in water availability, and there is little evidence that fine-scale data on water availability would be needed to understand current or future climatic constraints on plant distributions (see e.g. Potter et al., 2013). It is worth noting, however, that there is often considerable fine-scale spatial variation in water availability (Maclean et al., 2012), making it difficult to detect moisture-driven range-retractions if distributions are mapped on a coarse-resolution grid as many local extinctions would need to occur before a grid cell is deemed empty. The fine-scale variation in components of climate, be it temperature or water availability, may be one of the reasons why consistent latitudinal range retractions are hard to detect (Thomas et al., 2006). 

In contrast, the thermophilisation of the grassland plant community was much greater in areas with higher insolation, and local extinctions by cold-adapted species were far less likely from areas with low insolation. It is thus more likely to be the cooler temperatures of north-facing slopes, rather than  their higher soil moisture availability that are responsible for the patterns of change in community composition, which reveal that less species turnover has occurred in localities with lower insolation. Our results provide compelling evidence that microclimates buffer the effects of climate change on ecological communities, insofar as species threatened by increasing temperatures may be able to persist for some time in cooler microclimates.

The reasons why plant community responses to climate change are buffered by the presence cool microclimates are less straightforward to elucidate, not least because our study does not quantify temporal changes in fine-scale temperature. However, a possible explanation is that cooler slopes are less prone to long-term temperature change. Previous work by Ashcroft et al. (2009) has shown that cooler microclimates often experience less warming. Conducted in south-west Australia, this study showed that changes in annual maximums, and spring and summer temperatures between 1972 and 2007, were markedly lower on poleward-facing slopes, likely due to changes in weather patterns. It is possible that changing weather patterns within our study area have also resulted in less warming on poleward slopes. An alternative, albeit less plausible, explanation is that the communities associated with cooler microclimates are inherently less sensitive to warming and have consequently responded to a lesser degree.

Nonetheless, our findings differ somewhat from a previous study investigating whether microclimate moderates plant responses to macroclimate warming (De Frenne et al., 2013). While the study by De Frenne et al. demonstrates that the thermophilisation of understory plant communities were attenuated by microclimate, this change was driven by concurrent gains of warm-adapted species and loss of cold-adapted species. Responses to warming were only moderated in instances where the microclimate itself had become cooler, as a result of greater canopy caused by a lengthening growing season. Our results showing a shift in species composition towards a community with higher temperature and lower moisture requirements, also contrast with the only previous study of the influence of insolation on long-term changes in a British grassland plant community (Bennie et al., 2006), in which the major change was a shift towards a community dominated by more competitive species typical of mesotrophic grasslands. In the study of Bennie et al., however, this change in community composition may have been due to the effects of both habitat fragmentation and nutrient enrichment, whereas in our study, there was no evidence of nutrient enrichment, and changes appear to be predominantly driven by temperature.

Although species with high moisture requirements were more likely to have gone locally extinct, our analysis of the climatic characteristics of plant communities suggests that the overall change in moisture requirements of species assemblages is fairly uniform across the landscape.

In a UK grassland, we show that areas with high insolation are dominated by plants with warmer macro-climatic associations and that the plant community has responded to climate change, but not uniformly across the landscape. We demonstrate that individual species are able to exploit fine-scale climate heterogeneity as a buffer against the effects climate change, and consequently communities as a whole are more stable in cooler microclimates. Our study provides new evidence of the importance of topographic heterogeneity in mediating range retractions. More generally, strategic conservation planning in the face of climate change, which to date is mostly informed by analyses using coarse-scale data, could benefit from giving greater credence to the importance of fine-scale climate heterogeneity.
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95% CI upper bound	14.12	-0.146	0.029	0.124	Model averaged estimates
Estimate	14.27	-0.002	0.105	0.197	











95% CI upper bound	5.66	-0.557	-0.641	-0.130	Model averaged estimates
Estimate	5.88	-0.390	-0.529	0.0138	






Table 3. Results of generalised linear mixed-effect analyses investigating the determinants of colonisations to sampled relevés. Parameter estimates, Akaike’s Information Criterion (AIC), the change in AIC (ΔAIC) and Akaike weights for each model are shown. NA indicates that the term was not included in the model. Parameter estimates and 95 percent confidence intervals (95% CIs) derived from model averaging using Akaike weights are also shown.















95% CI upper bound	2.0	6.72	0.50	140.3	-1.79	3.64	Model averaged estimates
Estimate	-45.0	3.80	-0.66	72.3	-6.01	1.42	




Table 4. Results of generalised linear mixed-effect analyses investigating the determinants of extinctions from sampled relevés. Parameter estimates, Akaike’s Information Criterion (AIC), the change in AIC (ΔAIC) and Akaike weights for each model are shown. NA indicates that the term was not included in the model. Parameter estimates and 95 percent confidence intervals (95% CIs) derived from model averaging using Akaike weights are also shown.














95% CI upper bound	124.6	-23.7	-1.89	-483.6	13.7	-7.75	Model averaged estimates
Estimate	231.6	-16.6	0.60	-331.7	23.7	-1.67	







Figure 1. April-June temperature (a) and water-balance (b) trend for the Lizard Peninsula study site, with the location of sampled relevés shown (c). The temperature trend was calculated using weather station data from Culdrose (50.087ºN, 5.254ºW). The water-balance is the difference between rainfall (positive) and potential evapotranspiration (negative) and details of how this was calculated are provided in supporting information (Appendix S1). Black squares depict mean (temperature) and summed (water-balance) seasonal values in each year. The dotted lines present linear trends and solid lines the five-year rolling mean. Bedrock geology was reproduced with the permission of the British Geological Survey ©NERC.


























Additional supporting information may be found in the online version of this article at the publisher’s web-site

Figure S1. Proportion of potential direct irradiance intercepted by a surface as a function of slope angle.
Table S1. Results of generalised linear mixed-effects analyses investigating the possible role of biotic interactions as determinants of colonisations to and extinctions from sampled relevés.
Appendix S1. Method for calculating water-balance.
Appendix S2. Species list (in descending order of number of relevés occupied)



1



